A direct relation between body mass index (BMI) and risk of colorectal adenomas and cancer has been reported, but few studies have had adequate sample size for conducting stratified analyses by sex, family history, colorectal subsite, or features of metachronous lesions. Data from 8,213 participants in 7 prospective studies of metachronous colorectal adenomas were pooled to assess whether the association between BMI and metachronous neoplasia varied by these factors. A statistically significant direct association between BMI and the odds of nonadvanced adenomas (P trend < 0.001) was observed, while the relation for advanced adenomas was of marginal significance (P trend < 0.07). In sex-stratified analyses, obesity was statistically significantly associated with the odds of any metachronous lesion among men (odds ratio ¼ 1.36, 95% confidence interval: 1.17, 1.58) but not among women (odds ratio ¼ 1.10, 95% confidence interval: 0.89, 1.37). The associations with BMI appeared to be limited to proximal neoplasia, with statistically significant results for BMI and proximal (P trend < 0.001), but not distal (P trend < 0.85), neoplasia. Exploratory analyses indicated that BMI was significantly related to most histologic characteristics of metachronous adenomas among men but not among women. Our results provide further support for the association between BMI and metachronous colorectal adenomas, particularly among men, thereby indicating that body size may affect colorectal carcinogenesis at comparatively early stages. adenoma; body mass index; colorectal neoplasms; meta-analysis as topic; neoplasms, second primary; recurrence Abbreviations: BMI, body mass index; CI, confidence interval; HRT, hormone replacement therapy; OR, odds ratio.
Prior investigations have consistently reported an association between body size and colorectal adenomas (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and cancers (13) (14) (15) (16) . However, among studies reporting sex-stratified analyses of this topic, many have shown stronger associations for men than for women (8, 11, (17) (18) (19) (20) (21) (22) , including 4 meta-analyses of the relation between body mass index (BMI) and cancer (13) (14) (15) (16) . Evidence is inconsistent as to whether the risk associated with BMI varies according to colorectal subsite, with stronger associations seen for neoplasia of the distal colorectum in some studies (4, 9, (23) (24) (25) (26) and in the proximal colon for others (1, 27) . Results from meta-analyses indicate that there is a greater association for body size and colon cancer than for body size and rectal cancer (13) (14) (15) (16) . Several studies have shown that body size may be a stronger risk factor for larger or more advanced lesions (1, 4, 5, 7, 11) , although others have reported either a greater association for nonadvanced adenomas (10) or no differences (9) .
Many of the studies that have investigated the link between body size and colorectal adenomas have had a limited sample size for conducting stratified analyses by sex, family history of colorectal cancer, colorectal subsite, and features of advanced adenomas. Within the context of a large pooled population of 8,213 subjects with anthropometric data from 7 studies of metachronous colorectal adenomas (28) (29) (30) (31) (32) (33) (34) , we addressed whether BMI was associated with nonadvanced and advanced metachronous colorectal neoplasia and whether these relations varied by sex, family history of colorectal cancer, or anatomic site of adenomas. We also explored whether BMI was associated with specific features of metachronous lesions, including size, multiplicity, tubulovillous or villous histology, and high-grade dysplasia.
MATERIALS AND METHODS

Study population
Data were available for the current analyses from participants in 7 studies of colorectal adenomas from a pooling project of 8 studies (28) (29) (30) (31) (32) (33) (34) (35) , as described elsewhere (36) and presented in Web Table 1 . (This information is described in a supplementary table that is posted on the Journal's website (http://aje.oxfordjournals.org/).) Briefly, studies included in the parent pooling population were prospective investigations that had reported results in the literature by June 2005 and that had met the following selection criteria: 1) The original study had at least 800 participants who had undergone a baseline colonoscopy with at least 1 adenoma detected and removed; 2) participants underwent at least 1 follow-up colonoscopy specified by a predetermined surveillance schedule; and 3) endpoint data were available for the characteristics of any adenomas or cancers detected during follow-up, including size, number, and histopathology. From the pooled studies, data were available for analysis from a total of 10,021 participants with study endpoints; however, information on BMI was not collected in the National Polyp Study (n ¼ 939). Exclusion criteria for the current analysis were the presence of a colorectal cancer at baseline (n ¼ 27), no follow-up colonoscopy performed after 6 months on study (n ¼ 827), or lack of data for BMI (n ¼ 15), resulting in a final sample size of 8,213 (5,842 male and 2,371 female) participants. Consent from participants and approval by their respective institutional review boards were obtained for all parent studies.
Each study included in our analyses had collected data for variables such as age, sex, race, smoking, family history of cancer, and history of polyps via self-administered questionnaires completed at baseline. Height and weight were measured by study staff for the Wheat Bran Fiber Trial, the Ursodeoxycholic Acid Trial, the Polyp Prevention Trial, and the Calcium Polyp Prevention Study, while selfreported values were collected for the Antioxidant Polyp Prevention Study and the Aspirin Folate Trial (Web Table 1 ). For the Veterans Affairs Cooperative Study, weights were measured and heights were self-reported. BMI was calculated as weight (kg)/height (m) 2 . Participants were classified into categories of body size as follows: BMI of <25.0 was normal weight, BMI of 25.0-29.9 was overweight, and BMI of 30.0 was obese. We repeated our analyses with underweight (BMI, <18.5) participants excluded, and the results were unchanged; therefore, we included all participants with available BMI data in the current analyses.
Study endpoints
Metachronous colorectal neoplasia was defined as adenomas or cancers detected by colonoscopy after at least 6 months of follow-up (median, 47.2 months). Personnel at each study site reviewed endoscopy and pathology reports and extracted data regarding size, histology, number, and degree of dysplasia, followed by central pathology review at each site. The size of lesions was determined by endoscopy report or pathology reports if the data were not available from the former. Metachronous neoplasia was then classified as either nonadvanced (<10 mm in size, tubular histology, and no high-grade dysplasia) or advanced (10 mm in size and/or the presence of tubulovillous or villous histology and/or the presence of high-grade dysplasia and/or cancer). Lesions at or proximal to the splenic flexure were categorized as ''proximal,'' and those distal to the splenic flexure were classified as ''distal.''
Statistical analysis
Analyses were conducted with STATA, version 10.0, software (StataCorp LP, College Station, Texas) and SAS, version 9.0, software (SAS Institute, Inc., Cary, North Carolina). Before selecting a model for the analyses, we first assessed heterogeneity between study-specific risk estimates for each exposure variable by conducting a loglikelihood ratio test (37) and comparing the multivariate model presented in the tables with a multivariate model including additional interaction terms between each study indicator variable and the exposure variable of interest. Heterogeneity was deemed to be present when the likelihood ratio test yielded P < 0.05. We further examined heterogeneity visually by constructing forest plots that included the odds ratios and 95% confidence intervals for each parent study individually. These plots also contain I-squared values (38) and Q statistics (39) that were calculated for these associations; heterogeneity was detected for the relation between BMI and metachronous neoplasia among women but not among men. We also observed heterogeneity in the associations between overweight and proximal and distal neoplasia in the total population that, upon sex stratification, was confined to the results for women. Because of the observed heterogeneity for some associations, we conducted all analyses by using mixed-effects models as described below, whether or not they exhibited heterogeneity.
Mixed-effect models containing both fixed and random effects were used for analysis of the association between BMI and outcome by use of the xtmelogit command in STATA software and with the variable for study as the random effect. The outcome categories for the primary analyses were as follows: 1) any metachronous neoplasia versus no metachronous neoplasia, 2) nonadvanced metachronous adenoma versus no metachronous neoplasia, and 3) advanced metachronous neoplasia versus no metachronous neoplasia. The variables assessed for confounding included age at baseline, sex, race, study, family history of colorectal cancer, history of polyps prior to baseline, and baseline adenoma characteristics. Of these, age, sex, study, and smoking (never, former, current) changed the point estimate by 10% or greater (40) and were included in the final models. In analyses of BMI by colorectal subsite, participants were counted as having distal lesions if they had distal lesions only and no proximal lesions; for the analysis of proximal lesions, participants had proximal lesions only and no distal lesions. For analyses of associations between BMI and characteristics of metachronous lesions (size, dysplasia, histology, and number), mixed-effect models were again used, with each characteristic compared with those that did not recur. All analyses were conducted with the waist/hip ratio as the exposure measure, and results were similar to those for BMI; therefore, only the findings for BMI are presented. All P values for this work are 2 sided.
RESULTS
Relative to participants who were classified as normal weight, a higher proportion of overweight and obese participants were male or black, and a lower proportion were smokers (Table 1) . Participants who were overweight and obese had a greater percentage of proximal lesions at baseline than did those of normal weight.
For the overall study population, there were statistically significant trends of increasing odds of any metachronous neoplasia (P trend < 0.001) and nonadvanced adenoma (P trend < 0.001) with increasing BMI, but the trend for advanced neoplasia was of borderline statistical significance (P trend < 0.07) ( Table 2 ). The interaction between BMI and sex was statistically significant in polytomous regression models including both nonadvanced and advanced adenomas (P < 0.05); therefore, all analyses were stratified by sex. The results for any metachronous lesions among men were similar to those of the overall population (odds ratios (ORs) ¼ 1.11 (95% confidence interval (CI): 0.97, 1.26) and 1.36 (95% CI: 1.17, 1.58) for overweight and obesity, respectively). The same was true for nonadvanced metachronous lesions (ORs ¼ 1.10 (95% CI: 0.96, 1.27) and 1.34 (95% CI: 1.14, 1.58) for overweight and obesity, respectively), and the associations with advanced neoplasia were of comparable strength (ORs ¼ 1.10 (95% CI: 0.89, 1.34) and 1.40 (95% CI: 1.11, 1.77)). In contrast, among women, there was a statistically significant association of overweight with the odds of any neoplasia (OR ¼1.22, 95% CI: 1.01, 1.47) and for nonadvanced lesions (OR ¼ 1.32, 95% CI: 1.07, 1.63), but there were no significant associations for obesity; for advanced neoplasia, there was no association over BMI categories (P trend < 0.45) ( Table 2 ). Forest plots of the associations for BMI and metachronous lesions for each sex separately by study revealed little heterogeneity in the measures of association among men; however, heterogeneity was detected for nonadvanced endpoints among women (Web Figures 1 and 2 ) (refer to the Journal's website (http://aje. oxfordjournals.org/)).
Previous reports have indicated that the relation between body size and colorectal cancer might be stronger for premenopausal than for postmenopausal women (9, 41) . We therefore conducted exploratory analyses of the data stratified by age as a proxy for menopausal status and did not detect a stronger association for BMI in women younger than 55 years of age as compared with those 55 years of age or older (P interaction < 0.55; data not shown). There were no clear patterns of variation in risk by family history for either men or women (Table 3) , and tests for interaction between BMI and family history were not statistically significant for any recurrence (P interaction < 0.23), nonadvanced adenomas (P interaction < 0.50), or advanced neoplasia (P interaction ¼ 0.71).
The association between BMI and colorectal neoplasia was limited to proximal lesions. The odds ratios for proximal neoplasia were 1.16 (95% CI: 1.02, 1.33) for overweight and 1.34 (95% CI: 1.15, 1.57) for obesity (P trend < 0.001), while for the distal colorectum, the odds ratios were 1.06 (95% CI: 0.88, 1.29) and 1.02 (95% CI: 0.81, 1.27), respectively (P trend < 0.85) ( Table 4 ). In sexstratified analyses, the results for men and women were similar for both distal and proximal neoplasia, with no statistically significant interactions between BMI and sex for either endpoint. Results from analyses restricted to rectal neoplasia alone were similar to those for distal lesions (data not shown).
Sex-stratified exploratory analyses of the relation between BMI and specific features of metachronous adenomas (large size, tubulovillous or villous histology, high-grade dysplasia, multiplicity) indicated that BMI was statistically significantly associated with each of these features among men (Table 5 ). There were no clear relations between BMI and metachronous adenoma features among women.
DISCUSSION
In this pooled analysis of 7 prospective studies of metachronous colorectal neoplasia, we confirmed previous findings that BMI is associated with risk of metachronous colorectal lesions. This relation appeared to be confined to men and to lesions of the proximal colon. Among men, the association for BMI was seen for both nonadvanced and advanced neoplasia and was present for all features of metachronous lesions with the exception of tubular histology among overweight men. In contrast, for women, there were no clear relations with neoplasia of any type. Unlike the results from a previous report (11) , a family history of colorectal cancer did not modify the association between BMI and metachronous lesions.
Many investigations have reported that the associations between body size and risk of colorectal adenoma or cancer vary by sex. Most indicated a stronger relation among men as compared with women (8, 11, 17-22, 42, 43) , although some have reported the converse (1, 10, 44) or a similar effect in both sexes (5, 26, 41, 45, 46) . With regard to colorectal cancer, results from 4 meta-analyses have shown a statistically significant association with BMI for both men and women, with a stronger relation for men (10, (13) (14) (15) (16) . More variable findings regarding differences in association by sex have come from studies of colorectal adenoma and BMI; 2 reported stronger associations for men (8, 11 ) and 2 for women (1, 10) . The reasons for the differences between our findings and those of the latter 2 studies are unclear. Larsen et al. (10) , in a cross-sectional study of prevalent adenomas, compared the mean and median BMI of those with and without colorectal neoplasia. Among women, a significant linear trend (P < 0.03) of increasing BMI was observed across groups defined by no neoplasia (mean BMI ¼ 25.2), low-risk adenomas (mean BMI ¼ 25.5), Abbreviation: BMI, body mass index. a Regression models adjusted for age, smoking, and study; total population analysis additionally adjusted for sex. b P interaction < 0.05 for sex and body mass index. (n ¼ 236), and obese (n ¼ 139); normal weight men (n ¼ 100), overweight men (n ¼ 187), and obese men (n ¼ 101); and normal weight women (n ¼ 55), overweight women (n ¼ 49), and obese women (n ¼ 38).
and advanced neoplasia (mean BMI ¼ 26.7); however, similar differences in BMI were not detected for men. Although the reasons for this are unclear, flexible sigmoidoscopy was used as the screening modality (10), therefore favoring detection of distal lesions. This feature may explain some of the differences in results between our study and theirs, as in the current work no association for body size and distal lesions was demonstrated for men, but for women there was a marginally significant relation between overweight and distal neoplasia. In the other study in which a stronger effect was found for women than for men, Neugut et al. (1) used a case-control design, and BMI (kg/m 2 ) was calculated for men, but the Quetelet index (kg/m) was used to describe body size for women, and this approach may have contributed to the stronger results found for women in that work. Elucidation of the best measure of body size for women in epidemiologic studies continues to be an active area of research and requires further investigation.
In general, findings regarding the association between colorectal neoplasia and body size have been less evident in women than in men. Effect modification by menopausal status or hormone replacement therapy (HRT) has been proposed as an explanation for sex differences in the effect of BMI (41) . In one study of this topic, women who were classified as ''estrogen positive'' (premenopausal or postmenopausal but taking HRT) had an increased risk for colon cancer with increasing BMI, but those who were ''estrogen negative'' (postmenopausal with no HRT use) showed no association between BMI and colon cancer (41) . Although data for menopausal status and HRT use were unavailable, our own exploratory analyses of the data for women stratified by age (<55 years vs. 55 years) yielded no differences in the association between BMI and metachronous lesions. Nonetheless, possible differences in the disease process between pre-and postmenopausal women remain a plausible explanation for the less consistent findings observed for Abbreviation: BMI, body mass index. a Models adjusted for age, sex, smoking, and study. b Descending colon, sigmoid colon, or rectum. c Ascending colon, hepatic flexure, transverse colon, or splenic flexure. d Participants with only distal or only proximal neoplasia included and compared with those with no metachronous lesions; those with both types were excluded as follows: normal weight (n ¼ 373), overweight (n ¼ 648), and obese (n ¼ 395); normal weight men (n ¼ 252), overweight men (n ¼ 533), and obese men (n ¼ 322); and normal weight women (n ¼ 121), overweight women (n ¼ 115), and obese women (n ¼ 73).
e P interaction ¼ 0.72 and 0.31 for body mass index by sex for distal neoplasia and for proximal neoplasia, respectively. ). c Data were missing for size as follows: overweight men (n ¼ 30), obese men (n ¼ 16), overweight women (n ¼ 11), and obese women (n ¼ 6); and for histology as follows: overweight men (n ¼ 123), obese men (n ¼ 51), overweight women (n ¼ 32), and obese women (n ¼ 18).
body size in women than in men. Stronger associations for BMI in men than in women might also be explained in part by the tendency of men to exhibit central adiposity, while women tend to deposit fat in the thighs and buttocks (47) . The known metabolic effects associated with abdominal fat (48) may therefore influence the risk of colorectal neoplasia in men differently than in women (49) .
It has been hypothesized that proximal colon neoplasia and distal colorectum neoplasia arise from distinct molecular pathways (50, 51) . Most of the studies that have conducted analyses by colorectal subsite have shown a significant association between body size and distal adenomas or cancer (4, 9, (23) (24) (25) (26) , but some have reported a stronger association for proximal adenoma (1, 27) . The 2 studies that found an association for BMI and proximal lesions demonstrated this finding in women only, which is in contrast to our results that show an association for proximal adenomas that is largely confined to men. As with the distal colorectum, we found no association of BMI with rectal lesions. Although relatively few data have been reported on the association between BMI and risk of rectal adenomas, meta-analyses of colon and rectal cancers separately consistently demonstrate weaker associations for cancers of the rectum as compared with those of the colon (13) (14) (15) (16) . The possible explanations for the various results regarding adenoma found by different investigations may be related to differing endpoints (adenoma incidence, metachronous adenomas), sample sizes, and use of various reference groups for comparison.
The pooled study population for the current work provided a valuable opportunity to explore whether BMI influenced specific features of metachronous neoplasia. Our data show that BMI does not appear to have differential effects on larger as compared with smaller lesions. This finding contrasts with some previous reports (1, 3, 4, 7, 11) , which demonstrated a stronger association of body size with larger adenomas, but our results mirror those of another study that reported no differences with regard to BMI between nonadvanced and advanced adenomas (9) . In contrast, BMI was associated with all types of metachronous lesions in males. Among women, there were no relations observed between body size and individual features. There was a suggestion that obesity may have a greater influence on the development of neoplasia with high-grade dysplasia as compared with low-grade dysplasia in men, but this was a modest difference. Nonetheless, these results may offer some insights into how BMI may ultimately affect the development of colorectal cancer, as high-grade dysplasia in neoplasia has been found to be strongly associated with subsequent colorectal cancer in this study population (36) .
Strengths of this study include its prospective design, the protocol-specified procedures for surveillance colonoscopy, and the availability of complete data for characteristics of incident metachronous neoplasia, including dysplasia and histology. Further, the large sample size allowed for the generation of precise estimates and for stratification of the analyses by sex, family history, and colorectal subsite, as well as for exploratory analyses of the association between BMI and neoplasia characteristics. This pooled study also has some advantages over a meta-analysis. Few of the studies included in the current work have published results for BMI and metachronous lesions, for example; thus, the pooling of the data allowed us to explore associations not included in the original publications with a consistent protocol that included thorough data checks. There were also potential limitations to this analysis. One is that some of the component studies in the current work used reported weights and heights rather than measured weights and heights, which may have introduced measurement error to the study. Nonetheless, the correlation between selfreported and measured BMI was shown to be high among the 4,808 participants in the European Prospective Investigation into Cancer and Nutrition (52) . Further, our analyses were not done using a continuous variable for BMI; rather, participants were grouped into categories based on BMI, and only very extreme misreporting of BMI would be likely to have an effect on the results. Another limitation was that data regarding menopausal status and HRT use were not available for the current analyses, and issues surrounding effect modification by these factors could be explored only by using age as a proxy measure. In addition, baseline colonoscopies conceivably may have been less complete in our participants who were overweight or obese, as compared with normal weight individuals, because of technical difficulties with the procedure or its preparatory bowel cleansing. If so, one might expect that small adenomas would tend to be missed at baseline in these individuals, and that subsequent surveillance colonoscopy might thus detect more frequent, and more advanced, adenomas. We were unable to address this possibility directly in the current work; however, the protocols for all of the included studies called for a complete examination of the entire colorectum with no polyps remaining at the time of study enrollment.
In summary, our results confirm previous findings that BMI is associated with the odds of colorectal neoplasia, and they support the notion that the relation is substantially stronger among men than women and for proximal, as opposed to distal, adenomas. These findings support the concept that body size may affect colorectal carcinogenesis at comparatively early stages.
